tions in PCSK9 cause hypercholesterolemia in humans ( 1-4 ), whereas loss-of-function mutations in humans lead to a reduction in LDL cholesterol and a marked decrease in the risk of coronary heart disease ( 5-7 ). PCSK9 is a member of the subtilisin serine protease family and the proteinase K subfamily. The protein is synthesized as a proprotein that autocatalytically cleaves to generate mature protein ( 8 ). PCSK9 protein is secreted as a complex containing cleaved N-terminal prodomain, which remains associated with the catalytic domain ( 8 ). The catalytic activity is required for PCSK9 maturation and secretion ( 9 ) but appears not to be essential for the reduction of LDLR (LDL receptor) by secreted PCSK9 ( 10 ).
tions in PCSK9 cause hypercholesterolemia in humans (1) (2) (3) (4) , whereas loss-of-function mutations in humans lead to a reduction in LDL cholesterol and a marked decrease in the risk of coronary heart disease ( 5-7 ). PCSK9 is a member of the subtilisin serine protease family and the proteinase K subfamily. The protein is synthesized as a proprotein that autocatalytically cleaves to generate mature protein ( 8 ) . PCSK9 protein is secreted as a complex containing cleaved N-terminal prodomain, which remains associated with the catalytic domain ( 8 ) . The catalytic activity is required for PCSK9 maturation and secretion ( 9 ) but appears not to be essential for the reduction of LDLR (LDL receptor) by secreted PCSK9 ( 10 ) .
PCSK9 is predominantly expressed in liver, intestine, and to a lesser extent, in kidney ( 8 ) . PCSK9 gene expression is regulated by cholesterol via sterol regulatory element-binding protein (SREBP) pathways ( 11, 12 ) . In mice, PCSK9 gene expression is downregulated by dietary cholesterol and dramatically upregulated by hepatic overexpression of the transactivation domain of SREBP-1a and SREBP-2 ( 12 ) . Deletion of PCSK9 in mice leads to elevated liver LDLR protein (but not mRNA) and to reduced plasma total cholesterol, mainly HDL cholesterol ( 13 ) . Furthermore, PCSK9 defi ciency increases LDL clearance and enhances the response to statin ( 13 ) . Knockdown of PCSK9 by antisense approach also decreases total cholesterol in high-fat-fed mice in an LDLR dependent manner ( 14 ) . Hepatic overexpression of murine or human PCSK9 by adenovirus ( 9, 15, 16 ) or transgene ( 17 ) results in the reduction of liver LDLR protein and elevation of LDL cholesterol. Transgenic mice overexpressing PCSK9 in liver accumulated PCSK9 to a level of 100-400 g/ml in plasma and reduced liver LDLR protein in wild-type mice that are parabiotically Abstract Proprotein convertase subtilisin/kexin type 9 (PCSK9) is predominantly expressed in liver and regulates cholesterol metabolism by down regulating liver LDL receptor (LDLR) proteins. Here we report transgenic overexpression of human PCSK9 in kidney increased plasma levels of PCSK9 and subsequently led to a dramatic reduction in liver LDLR proteins. The regulation of LDLR by PCSK9 displayed tissue specifi city, with liver being the most responsive tissue. Even though the PCSK9 transgene was highly expressed in kidney, LDLR proteins were suppressed to a lower extent in this tissue than in liver. Adrenal LDLR proteins were not regulated by elevated plasma PCSK9. hPCSK9 transgene expression and subsequent reduction of liver LDLR led to increases in plasma total cholesterol, LDL cholesterol, and ApoB, which were further increased by a highfat, high-cholesterol diet. We also observed that the size distribution of hPCSK9 in transgenic mouse plasma was heterogeneous. In chow-fed mice, the majority of PCSK9 proteins were in free forms; however, feeding a high-fat, high-cholesterol diet resulted in a shift of hPCSK9 distribution toward larger complexes. PCSK9 distribution in human plasma also exhibited heterogeneity and individual variability in the percentage of PCSK9 in free form and in large complexes. We provide strong evidence to support that human PCSK9 proteins secreted from extrahepatic tissue are able to promote LDLR degradation in liver and increase plasma LDL. Our data also suggest that LDLR protein regulation by PCSK9 has tissue specifi city, with liver being the most responsive tissue. overnight-fasted healthy volunteers were analyzed with the same FPLC procedure. Informed consent and blood samples were obtained for all subjects, and studies were approved by an institutional review committee (Pfi zer Research Blood Donor Program). Mouse ApoB ELISA was performed as described previously ( 26 ) . Purifi ed PCSK9 (2 g) was mixed with 2 mg of HBS (Human Serum Albumin) and fractioned using the same FPLC procedure.
Gene expression analysis
Euthanized mice were subjected to whole-body perfusion with PBS, and tissues were harvested. RNA was isolated from tissues using Qiagen RNeasy kit as described by the manufacturer's manual and then subjected to reverse transcription to synthesize cDNA using Reverse Transcription kit (Applied Biosystems). Three individual liver or kidney RNA samples and pooled adrenal RNA samples from three animals were used for RT-PCR. Real-time quantitative PCR analysis was performed using TaqMan mix and an ABI-7700HT Sequence Detection System (Applied Biosystems). Expression was normalized to a cyclophilin control.
Plasma PCSK9 protein quantifi cation by ELISA
Rabbit polyclonal antibody CRN6 against a PCSK9 peptide (PEEDGTRFHRQASK) and rabbit polyclonal antibody 5761 against full-length human PCSK9 protein were used as capture and detection antibodies, respectively. Purifi ed full-length human PCSK9 protein was used as protein standard for the ELISA ( 27 ) . Ninety-six-well plates (Immulon 4HBX #3855, Thermo Electron Corp., Waltham, MA) were coated with 100 l of CRN6 capture antibody (1 g/ml) in phosphate buffered saline (PBS) at 4°C overnight, followed by blocking with 300 l of 0.5% BSA (BSA) in PBS buffer. 100 l of mouse plasma samples with a 1:500 dilution or 100 l of purifi ed human PCSK9 protein standards from 1 ng/ml to 128 ng/ml were incubated with capture antibody-coated plates at room temperature (RT) for 1 h. Captured PCSK9 protein was incubated with 100 l of 1 g/ml biotinylated (Sulfo-NHS-LC-Biotin, #21327, Pierce) rabbit polyclonal antibody 5761 for 1 h followed by detection with 1:200 diluted streptavidin-HRP (R and D, #DY998) for 45 min and 100 l of TMB substrate (Sigma, #T4444) for about 2 min. After stopping color development with 100 l of 2N H 2 SO 4 , the plates were read on the SpectraMax plate reader at OD 450 . Plasma PCSK9 levels were calculated using a standard curve generated with purifi ed human PCSK9 protein by fourparameter fi t. Concentration of plasma PCSK9 was expressed as mean ± standard deviation.
Immunoblot analysis of hepatic LDLR protein level
Euthanized mice were subjected to whole-body perfusion with PBS, and tissues were harvested. Hepatic and kidney total proteins were extracted from individual frozen tissue samples. Adrenal tissues were pooled for protein extraction. Tissues were homogenized in lysis buffer (10 mM Tris HCl, 1 mM MgCl 2 , 1% NP40, 1 mM EDTA, 0.5% Deoxycholate, pH 7.4) with a polytron homogenizer. The supernatants from a centrifugation at 10,000 g were collected. Individual liver or kidney protein extracts were pooled at equal amount of protein for each study group. Total proteins (30 g) were separated by electrophoresis using Nu-PAGE Novex gel (4%-12% Bis-Tris, Invitrogen NP0321) and transferred to Nitrocellulose membrane (Invitrogen LC2001). Mouse LDLR protein was detected with a goat anti-mouse LDLR antibody (R and D Systems Cat# AF2255), and human PCSK9 protein in transgenic mice was detected using antibody against V5-tag (Sigma). joined with transgenic mice ( 18 ) . Grefhorst et al. demonstrated that infusion of recombinant hPCSK9 at 32 g/ hour gave rise to about 1 g/ml of plasma PCSK9 and preferentially promoted LDLR degradation over a six h period ( 19 ) . Mounting evidence suggests that PCSK9 functions extracellularly to promote the degradation of LDLR by directly interacting with LDLR on the cell surface, resulting in reduced receptor recycling by unknown mechanisms ( 18, (20) (21) (22) .
In the following studies, we generated transgenic mice which primarily overexpress PCSK9 in kidney to address the function of circulating PCSK9 in the regulation of plasma lipoproteins. We provide evidence to support that plasma PCSK9 expressed in extrahepatic tissue is able to promote LDLR degradation in liver and raise plasma LDL. The data also suggest that LDLR protein regulation by PCSK9 has tissue specifi city, with liver being the most responsive tissue. Finally, we analyzed the plasma distribution of PCSK9 protein in transgenic mice and in humans.
MATERIALS AND METHODS

Generation of PCSK9 transgenic mice
Full-length human PCSK9 cDNA with a C-terminal V5 tag was expressed under the transcriptional control of a composite human albumin promoter containing a 235 bp SV40 enhancer element and a 213 bp albumin promoter element (from pDRIVE-SV40-hAlb, InvivoGen, San Diego, CA). A chimeric intron (from pRL-SV40, Promega, Madison, Wisconsin) was inserted between the promoter and PCSK9 cDNA to enhance the expression. The expression cassette is fl anked by a 1.2 kb insulator sequences from the chicken ␤ -globin gene at both the 5 ¢ and 3 ¢ ends of the transgene ( 23 ) . The human PCSK9 expression construct containing V5 tag was injected into the pronucleus of fertilized eggs from the C57BL6J/N strain as described ( 24 ) . Transgenic founders and their transgenic offspring were identifi ed by a PCR product amplifi ed from the insulator sequences.
Animals
hPCSK9 transgenic mice and wild-type littermates were used in this study. Mice were maintained on a 12-h light/dark cycle and fed Purina Rodent Lab chow 5001 pellets (Ralston Purina Co. St. Louis, MO) or AIN-76A high-fat, high-cholesterol (HFHC) western diet (TestDiet, 20% fat, 0.15% cholesterol and 34% sucrose). The animals were fed HFHC diet for eight weeks beginning at four weeks of age. The study protocol was approved by Pfi zer Institutional Animal Care and Use Committee. All animals received humane care according to the criteria stated by the National Academy of Sciences National Research Council.
Lipid measurement and lipoprotein isolation
Blood was collected from mice fasted for 4 h. Total cholesterol levels in plasma or lipoproteins were assayed by enzymatic methods (Wako Pure Chemical Industries Ltd.). Lipoprotein profi les were analyzed by fast protein liquid chromatography (FPLC). Pooled mouse plasma (200 ul) from six mice was loaded onto tandem Superose 6 columns (Pharmacia LKB Biotechnology, Piscataway, NJ) and eluted with lipoprotein separation buffer (154 mM NaCl, 1 mM EDTA and 0.02% NaN 3 ) as described previously ( 25 ) . Fresh human plasma samples from by guest, on October 14, 2017 www.jlr.org Downloaded from protein levels were high in kidney and barely detectable in liver, consistent with mRNA expression results ( Fig. 1B ) . A truncated form of PCSK9 was also detected and may represent the furin-cleaved product suggested by Benjannet et al ( 28 ) . Human PCSK9 protein in transgenic mice was secreted and resulted in elevation of plasma PCSK9 levels to about 3 g/ml, which is roughly ten times the levels found in human plasma ( Fig. 1C ) .
LDL receptor protein levels in transgenic mice
It has been shown that hepatic expression or injection of recombinant PCSK9 reduced liver LDLR protein ( 15, 18, 19, 29, 30 ) . We analyzed liver LDLR protein expression to determine whether elevated plasma PCSK9 from an extrahepatic source can affect liver LDLR. Extrahepatic expression of hPCSK9 nearly abolished LDLR protein in liver ( Fig. 2A ) . However, elevated plasma PCSK9 levels did not affect adrenal LDLR protein levels ( Fig. 2B ) . Although kidney has the highest expression levels of hPCSK9 transgene, LDLR protein was only reduced by about 50% ( Fig.  2B ). Because LDLR mRNA was not signifi cantly altered in the transgenic mice (data not shown), the decrease in the LDLR protein is most likely due to posttranscriptional mechanisms.
RESULTS
Human PCSK9 transgene expression
Tissue distribution of human PCSK9 (hPCSK9), transgene, and endogenous mouse PCSK9 (mPCSK9) was analyzed by quantitative PCR. Mouse PCSK9 was predominantly expressed in the liver of both wild-type and transgenic mice ( Fig. 1A ) . Although hPCSK9 transgene expression was designed to be driven by an albumin promoter, the hPCSK9 transgene was principally expressed in kidney. Although the transcriptional mechanisms mediating kidney expression in this model are unknown, it may be dictated by the context of the SV40 enhancer and the human albumin promoter. As the high-level expression in kidney is observed in more than one founder lines, it is unlikely that it results from the genomic integration site.
The mRNA expression levels of hPCSK9 in liver were low and appeared to be similar to the levels of endogenous mPCSK9 in wild-type mice. We noted that hepatic endogenous mPCSK9 gene expression was reduced in hPCSK9 transgenic mice ( Fig. 1A ) ; therefore, total liver PCSK9 expression in transgenic mice may remain similar to that in wild-type controls. Very low levels of hPCSK9 transgene expression were detected in adrenal glands. Human PCSK9 Fig. 1 . Human PCSK9 transgene expressed predominately in kidney in transgenic mice. A: mRNA expression of hPCSK9 transgene and endogenous mouse PCSK9 in liver, kidney, and adrenal. Gene expression was analyzed by quantitative PCR as described in Materials and Methods. The relative gene expression was presented relative to endogenous mPCSK9 of wild-type mice. n = 3 for each group. B: Human PCSK9 protein levels in liver, kidney, and adrenal of transgenic mice. Pooled tissue extracts from wildtype and transgenic mice fed with chow diet were subjected to immunoblot analysis visualized by immunoblotting using antibody against V5-tag (n = 3). PCSK9 precursor, mature form, and a truncated form (*) are detected. C: Plasma levels of human PCSK9 in transgenic mice. Plasma PCSK9 levels were measured by ELISA as described in Materials and Methods. PCSK9, proprotein convertase subtilisin/kexin type 9.
by guest, on October 14, 2017 www.jlr.org Downloaded from levels in FPLC fractions were determined by ELISA as described in Materials and Methods. In mice fed with regular chow diet, the majority of PCSK9 constituted the main peak (fractions [22] [23] [24] [25] [26] [27] [28] [29] and overlapped with the distribution of purifi ed hPCSK9 ( Fig. 4A , upper panel) , indicating the majority of overexpressed hPCSK9 proteins circulate as free forms without associating with any complexes. Only a small fraction of PCSK9 (up to 7%) was in larger complexes and coeluted with LDL fractions (fractions 10-18) ( Fig. 4A ) . HFHC diet feeding shifted hPCSK9 distribution toward larger complexes ( Fig. 4A , lower panel) . The size distribution is gradual and not distinct. For the convenience of characterization and description, the complexes were categorized into two species: LDL-sized large complexes overlapping in size with LDL (fractions 10-18), and intermediate-sized complexes (fractions [19] [20] [21] that by size fell between free forms (fractions [22] [23] [24] [25] [26] [27] [28] [29] and large complexes. Upon HFHC feeding, nearly 20% and 30% of hPCSK9 eluted in LDL-sized large complexes and intermediate complexes, respectively, and only 50% hPCSK9 proteins remained as free forms (fractions 22-29) ( Fig.  4A, lower panel) .
To determine the size distribution of plasma PCSK9 in humans, we analyzed PCSK9 plasma samples from ten healthy individuals. We noticed that human HDL, spanning fractions 19-28, had broader size distribution than mouse HDL (fractions [19] [20] [21] [22] [23] [24] ( Figs. 4A, 4B ). PCSK9 in human plasma displayed a wide indistinct size distribution and individual variability. The major difference among individual samples analyzed was the percentage of PCSK9 in free forms and in LDL-sized large complexes. Examples of PCSK9 profi les from two individuals, who have similar levels of plasma PCSK9, total cholesterol, and lipoprotein profi le, are shown in Fig. 4B . The PCSK9 profi le of Subject #1 was similar to that obtained in transgenic mice fed with HFHC diet. There was approximately 50% and 16% of PCSK9 in free forms (fractions [22] [23] [24] [25] [26] [27] [28] [29] and in LDL-sized large complexes, respectively, ( Fig. 4B , upper panel) . Compared with the fi rst profi le, Subject #2 had more PCSK9 (nearly 38%) in LDL-sized large complexes and less free forms (only 28%) ( Fig. 4B , lower panel) . The percentages of intermediate-sized complexes were similar in the two profi les.
DISCUSSION
In this study, we generated transgenic mice that overexpress human PCSK9 in kidney and have increased circulating PCSK9 levels. We provided strong evidence to support that human PCSK9 proteins secreted from extrahepatic tissue are able to promote LDLR degradation in liver and increase plasma LDL. Several studies have shown that hepatic overexpression of murine or human PCSK9 results in increased LDL cholesterol by inhibiting LDL clearance via reduction of liver LDLR proteins ( 9, (15) (16) (17) . The LDLR-lowering function of circulating PCSK9 was fi rst suggested by a parabiosis study reported by Horton's group in which plasma PCSK9 and LDL levels were increased in the recipients ( 18 ) . Recently, they further
Plasma lipids and lipoprotein distribution
To understand the regulation of plasma lipids and lipoprotein metabolism by PCSK9 in the state of dietinduced hypercholesterolemia, hPCSK9 transgenic and wild-type mice were fed a HFHC diet for eight weeks. Similar to previous reports of hepatic overexpression of PCSK9 ( 9, (15) (16) (17) , extrahepatic overexpression of hPCSK9 elevated plasma total cholesterol in regular-chow-dietfed mice by 2-fold ( Fig. 3A ) . HFHC diet feeding increased total cholesterol in wild-type mice by about 2-fold, and hPCSK9 expression led to a further increase in plasma cholesterol to about 400 mg/dl. ApoB levels, measured by ELISA, were increased 4-fold in hPCSK9 transgenic mice compared with wild-type mice, irrespective of the diet conditions ( Fig. 3B ) , signifying that increased cholesterol was attributable to the increase in ApoB containing LDL. Using FPLC fractionation to analyze plasma lipoprotein distribution in chow-fed transgenic mice, we confi rmed that PCSK9 overexpression markedly elevated LDL cholesterol (fractions 10-18) but not HDL cholesterol ( Fig. 3C ) . HFHC diet increased LDL and HDL in wild-type mice. PCSK9 transgene expression further increased LDL but had no signifi cant effect on HDL ( Fig. 3C ) . Elevation of plasma PCSK9 did not signifi cantly change liver total cholesterol and triglyceride levels ( Fig. 3D ).
PCSK9 distribution in transgenic mice and human individuals
We analyzed plasma distribution of hPCSK9 protein in transgenic mice by FPLC fractionation. PCSK9 protein Fig. 2 . Effects of overexpressed human PCSK9 on LDLR protein levels in transgenic mice fed with chow diet. A: hPCSK9 expression markedly diminished liver LDLR proteins. Liver extracts from chow fed mice were pooled for immunoblot analysis. n = 3 for each group. B: hPCSK9 expression reduced kidney LDLR protein levels and did not alter adrenal LDLR proteins. Tissue extracts were pooled from chow diet fed wild-type and hPCSK9 trangenic mice as described in Materials and Methods and were subjected to immunoblot analysis. n = 3 for each group. LDLR, LDL receptor; PCSK9, proprotein convertase subtilisin/kexin type 9.
by guest, on October 14, 2017 www.jlr.org Downloaded from LDLR in these transgenic mice is mainly attributable to elevated circulating PCSK9. Although kidney expressed high levels of hPCSK9 transgene, the extent of LDLR reduction was lower than that in liver, confi rming that circulating PCSK9 preferentially reduces liver LDLR ( Fig. 2B ) ( 19 ) . LDLR in adrenal was not regulated by PCSK9, consistent with the results reported by Horton's group ( 19 ) . Our studies suggest that LDLR regulation by PCSK9 has tissue specifi city. There are several possibilities to explain the response in kidney: (1) the high levels of expression in kidney could trigger an intracellular pathway of LDLR degradation; (2) there may be a differential response of different tissues to extracellular PCSK9, with liver being the most responsive tissue; or (3) secreted hPCSK9 in kidney may have an increased autocrine effect. The mechanisms that mediate the tissue-specifi c response to PCSK9 warrant further investigation.
We analyzed the plasma distribution of PCSK9 protein by FPLC fractionation. In transgenic mice fed with chow diet, the majority of hPCSK9 was located in fractions that overlapped with purifi ed free PCSK9, and only a small percentage of plasma hPCSK9 proteins were found in large confi rmed the function of extracellular PCSK9 by demonstrating that infusion of recombinant hPCSK9 preferentially promoted liver LDLR degradation ( 19 ) . However, no LDL elevation was observed in this study. Cao's group demonstrated transient LDLR lowering and LDL elevation following injection of 30-300 g/mice of recombinant PCSK9 in mice ( 30, 31 ) . The studies from both groups showed that recombinant PCSK9 proteins are rapidly cleared from plasma. The high clearance rate of injected PCSK9 may explain the transient effects on LDLR and plasma LDL. Generation of a mouse model that overexpresses hPCSK9 in kidney provided a tool for us to study the regulation of lipoprotein metabolism by persistently elevated circulating PCSK9. In our transgenic mice, expression of hPCSK9 in liver markedly reduced endogenous mPCSK9 mRNA levels, so there appears to be no overall change in liver PCSK9 expression. Purifi ed mPCSK9 and hPCSK9 were able to similarly degrade hLDLR in human hepatoma cells (data not shown), suggesting that hPCSK9 and mPCSK9 may not have significant species specifi city in terms of promoting LDLR degradation. These data support that degradation of liver Fig. 3 . Effects of human PCSK9 transgene expression on plasma levels of total cholesterol, ApoB, and lipoproteins in transgenic mice. Plasma total cholesterol levels (A) and ApoB levels (B) in wild-type and hPCSK9 transgenic mice fed with either regular chow or HFHC diet for 8 weeks (n = 6 for each group). C: FPLC analysis of plasma lipoprotein profi les in wild-type and hPCSK9 transgenic mice fed with regular chow diet or HFHC diet. Pooled plasma from each group was fractionated by FPLC and total cholesterol levels in each fraction were measured to represent the lipoprotein profi le. D: hPCSK9 expression did not alter liver total cholesterol and triglyceride levels. Liver lipid levels were analyzed from liver homogenate of wild-type and hPCSK9 transgenic mice fed with regular chow or HFHC diet. FPLC, fast-protein liquid chromatography; HFHC, high fat, high cholesterol; PCSK9, proprotein convertase subtilisin/kexin type 9.
by guest, on October 14, 2017 www.jlr.org Downloaded from containing hPCSK9 may represent self-multimers or complexes associated with other plasma proteins. A recent report showed that PCSK9 protein can self-associate to form dimers or trimers, and lipoproteins appear to facilitate this multimer formation ( 32 ) . The mechanisms mediating HFHC diet-induced hPCSK9 complex formation and the nature of the PCSK9 containing complexes are unknown and are under further investigation. Recently, Fan et al. showed that the majority of PCSK9 was associated with complexes overlapping in size with LDL ( Fig. 4A ) . HFHC feeding markedly raised the amount of PCSK9 in complexes larger than the size of purifi ed PCSK9 ( Fig. 4A ) . This occurred even though plasma total PCSK9 levels remained unaffected by HFHC diet feeding because hPCSK9 expression is driven by a constitutive promoter. The PCSK9 containing complexes that coeluted with LDL may not associate with LDL directly. We were unable to demonstrate the direct binding of PCSK9 and LDL. The large complexes LDL fractions in their human transgenic mice on normal chow diet ( 32 ) , which is different from our observation. The expression levels and the distribution of transgene or genetic background of the mice may contribute to the differences.
PCSK9 in human plasma exhibited a broad indistinct size distribution and individual variability in both the percentage of PCSK9 in free forms and in LDL-sized large complexes. The mechanisms contributing to the differential distribution remain to be elucidated. With limited sample size, we were unable to obtain any correlation between PCSK9 distribution and plasma LDL/HDL or PCSK9 levels. Studies using more samples with a wider range of LDL/HDL cholesterol and PCSK9 levels may help to shed light on the mechanisms.
